Image cytometry was used to quantify the volume of liver expressing two histochemical markers associated with neoplasia, gamma-glutamyl transpeptidase (GGT) and the placental isozyme of glutathione S-transferase (GST-P). Rats were treated with diethylnitrosamine (DENA) followed by phenobarbital (PB), di(2-ethylhexy1)phthate (DEHP), or di-n-octylphthalate (DOP) for 26 weeks. In one series, PBtreated rats were given 2.0%, 0.5%, or 0.1% DEHP in the feed. GGT expression was detected diffusely throughout the liver parenchyma in several treatment groups so that any enhanced expression in altered foci (AF) and nodules (N) was not apparent. GST-P was detected only in AF and N. GST-P may represent a second genetic alteration, as GST-P' AF and N also expressed GGT but not the reverse. The peroxisome
Introduction
The objective of image cytomeuy is quantitative cell analysis. Image cytometry uses a microscope, a video camera, and a computer to evaluate traditional slide preparations. Tissue architecture remains intact so that anatomic location of altered cells (e.g., periportal) is evident.
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Presented in part at the XIV International Meeting of the Society for Analytical Cytology, Asheville, NC, March 18-23, 1990 . This document has been reviewed in accordance with US Environmental Protection Agency policy and approved for publication. Mention of trade names or commercial roducts does not constitute endorsement or recommendation for use. proliferator DEHP inhibited expression of GGT or GST-P in livers of either DENA-treated or DENA + PB-treated rats. With GST-P the reduction was correlated to a reduced number of AF and N. In contrast, DEHP's stereoisomer, DOP, was as effective as PB in promoting expression of both markers. We condude that image cytometry of hepatocytes expressing GST-P can be used in the bioassay of the carcinogenic potential of chemicals that affect liver proliferation. In addition to quantitation of cell components (e.g.. DNA, receptors), the computer permits analysis of microscopic images for measurement of structures (e.g., nuclear size) or determination of the percentage of tissue expressing biological markers (1,2). Thus, image cytometry provides a method for quantification of biomarken that can be used to facilitate analysis of biologic responses to toxicants. With image cytometry the results are quickly obtained, statistically testable, and highly reproducible.
A major goal of health effects research is the development of laboratory methods for use in evaluation of the relative carcinogenic risk to humans of low exposure to environmental pollutants. The rat liver focus bioassay has become a frequently used protocol to determine the carcinogenic potential of these chemicals. The appearance of hepatic putative pre-neoplastic enzyme-altered foci (AF) and hyperplastic nodules (N) is a common observation in this bioassay after treatment of rodents with a number of chemical carcinogens (3) . The number of AF and N increases over time when the animals are also treated with xenobiotic agents that act as promoting agents. Recently, however, certain xenobiotics have been found to decrease the incidence of AF, N, and hepatocarcinomas in carcinogen-treated rats to below the incidence observed in the livers of rats treated with the carcinogen alone (4).
Earlier experiments demonstrated that a 10-week exposure to di(2-ethylhexy1)phthalate (DEHP) significantly reduced the number of AF appearing in livers of rats previously initiated with a single dose of the liver carcinogen diethylnitrosamine (DENA) (5, 6) . Conversely, exposure of DENA-initiated animals to di-n-octylphthalate (DOP) for 10 weeks caused a fivefold increase in the number of foci compared with animals treated with DENA alone (6) .
In this study we have used the simple stereologic formula, the Principle of Delesse, AA = Vv, where AA is the area percent of tissue in a microscopic image staining for a marker and Vv is the volume percent of tissue in the organ expressing a marker (1) . Image cytometry permits a rapid and accurate determination of the area percent of liver expressing biochemical alterations in a given microscopic field (7). The area percent measurements are independent of the size or shape of the altered foci, and the derived volume estimates reflect alterations in the total cell population of altered foci (8) . This approach permits quantitation of the expansion of the initiated hepatocyte population by modifiers of the carcinogenic process such as tumor promoters.
Goals of this study were: (a) to demonstrate the efficiency of image cytometry as a method of quantifying altered hepatocyte populations and therefore the utility of image cytometry in studies of the liver with biomarkers; (b) to evaluate in adjacent tissue sections the usefulness of immunocytochemical detection of gammaglutamyl transpeptidase (GGT) and the placental isozyme of glutathione S-transferase (GST-P) as markers for AF and N; and (c) to extend the observations regarding the promoting or inhibiting effects of phthalate esters (PES) on development of rat liver foci to 26 weeks of exposure and to determine if these effects were dose related and were modified by a tumor promoter.
Materials and Methods

AnimaZs, Carcinogens, and Promoters
Male F344 rats (Charles River; Raleigh, NC) weighing 191-198 g were housgd in animal quarters maintained at 73 2 3' F and 50% f 20% relative humidity under a 12-hr light-dark cycle. The animals were given NIH-07 diet and tap water ad libitum. Animal care was performed according to the guidelines of the National Research Council and the American Association of Accreditation for Laboratory Animal Care.
After a 1-week quarantine period, all rats were subject to a two-thirds partial hepatectomy which was followed 18 hr later by a single intraperitoneal (IP) injection of 30 mglkg DENA (Aldrich Chemical; Milwaukee, WI). Ten days after DENA initiation, the animals were divided into groups and placed on the treatment regimens described in Tible 1. After 26 weeks of treatment, fmal body weights were measured and the animals were sacrificed by cervical dislocation. The livers were removed and weighed, and sections of each lobe were fixed in 10% phosphate-buffered formalin. The tissue was processed through routine histological methods into paraffin. Paraffin blocks were cut into 6-pm thick sections.
Anti-rat GGT was produced from GGT isolated from rat kidney according to the method of Tsuchida et al. (9) . GST-P antibodies were produced in rabbits from GST-P isolated from carcinogen-induced rat liver nodules following the method of Satoh et al. (10) . The purity of each isolated enzyme was examined with SDS-gel electrophoresis before use. Each isolated enzyme produced one major band in the gels. There were no minor bands. Antisera to the isolated GGT and GST-P were produced in rabbits by subcutaneous injection of 100 pg GGT or GST-P in Freund's complete adjuvant, followed by a 1OO-Bg booster injection 4 weeks later. Rabbits were bled via cardiac puncture, after which each antiserum was prepared, pooled, and stored at -70°C. The anti-GGT and GST-P antibodies produced single precipitin lines in Ouchterlony double-diffusion analysis when reacted against these antigens.
For the IHC detection of GST-P or GGT. sections of formalin-fixed, paraffin-embedded rat livers were deparaffinized in xylene and hydrated through a graded series of alcohols to distilled water. A standard immunoperoxidase method, (Vectastain ABC detection kit; Vector Laboratories, Burlingame, CA) was employed and appropriate dilutions of anti-GGT (1:400) or GST-P (1:4000) antiserum were incubated with tissue sections overnight at 4'C. Diaminobenzidine was used as the chromogen to detect sites of antigen-antibody interaction.
The antibody dilutions used in this study were determined by incubating decreasing concentrations of each antiserum with fixed sections of rat liver tumors that were known to either express or not express GGT andlor GST-P, as determined by biochemical methods. Once optimal dilutions were determined, each antiserum was absorbed with its respective antigen by incubating antiserum with a 1OOx concentration of appropriate antigen at room temperature for 4 hr. The absorbed antiserum completely eliminated a stain reaction for either GGT or GST-P on the positive liver tumor control slides. In addition, no positive GGT or GST-P staining was obtained when pre-immune rabbit serum was used in place of antiserum.
The stained sections were examined microscopically and areas of positive staining were rated qualitatively as either diffuse, periportal, or centrilobular, depending on liver lobule areas stained. Positively stained AF and N were also recorded. To normalize counts of AF and N, size of the tissue section was measured with a Zeiss digitizing tablet and counts were expressed as number of AF or Nlcm2 tissue section.
Histochemistry (HC)
GGT HC activity was determined by the method of Rutenburg et al. (11) on frozen cryostat-cut sections of liver taken adjacent to blocks of liver that were formalin-fixed. 
Immunohistochemistry (IHC)
IHC methods were used to detect two marker enzymes, GGT and GST-P.
' Phenobarbital (PB) in drinking water for26 weeks.
' Di(2-ethylhexy1)phthalatc (DEHF')/di-n-octylphthalate (DOP) in NIH-07 diet for 26 weeks.
Quantitative Image Analysis
Slides were analyzed with a Zeiss IBAS computerized image analysis system. The validity of image analysis data depends on the d d i t y ofthe sample.
Therefore, it was important that liver specimens were taken randomly from each lobe ofthe liver and that fixation, embedding, sectioning, and staining of specimens were consistent. The instrumentation requirements for image analysis systems based on video microscopy are discussed in depth by Inoue (12) and Smolen (13).
Components of the image analysis system used here indudcd the following.
Optical Imaging Equipment. We used a k i t z Ortholux I1 microscope with a x 16 planapochromatic lens having a numerical aperture of 0.4, a voltage regulator providing 2 3 % regulation to the halogen light source, and an ISA Monochromator. Kohler illumination was used. Illumination was even across the field with a maximum ofa 3 gray level difference comer to corner. Level of illumination was controlled by adjusting lamp voltage. Lamp voltage was adjusted at the beginning of each measurement session to the voltage (usually 19.5 V) that gave the maximum gray level when a clear glass slide was placed in the optical path (242 gray levels was the dynamic range of the video camera in this system). In contrast to flow cytometry, in which the wavelength of light illuminating the specimen is determined by the laser, in this system light from the halogen light source was passed through the grating of a ISA Monochromator to ensure that monochromatic light of a specific wavelength (f 0.5 nm) was transmitted throueh the mecimen.
Video Camera. A DAGE MTI-68 video camera with a grade 1 Newvicon tube was used to convert light intensity into an electrical voltage for each point in an image. This camera makes 625 horizontal swceps of the frame at a speed of 25 frames per second. The gamma compensation for the camera is 1, so that there is a linear relationship between light intensity and voltage. The gain, which is manually adjustable, was set with the aid of an oscilloscope and was maintained constant. At the beginning of each session the black lml was manually adjusted so that a standard microscopic slide half covrred with black photographic tape gave the maximum 242 gray level reading on the dear portion of the slide and a gray level reading of 0 on the portion of the slide covrred by black photographic tape. It is essential to ham a camera with manual rather than automatic adjustment of the black level and gain ofthe camera if levels of illumination intensity arc to be compared between specimens or in different areas of the same specimen (13).
Image
The IBAS computer is composcd ofa 280 CP/M Kontron controller driving a 48-bit parallel programmable array processor with 2 megabyte RAM. The video image is converted into discrete X,Y coordinates (pixels) of discrete luminescence, with each image having 512 horizontal and 512 vertical pixels. These components store and manipulate a digitized image to enhance contrast and measure selected image features. Image segmentation, whereby pixels with gray le& corresponding to positive staining are identified then converted to white, while those pixels with gray levels outside the threshold range are converted to black, allows computation of the number of pixels representing stained structures in the video image compared with the total number of pixels in the image (512 x 512 = 262,144 pixels). A Polaroid freeze-frame camera system was used to document manipulations of the video image.
Magnification of the microscope was scaled to the IBAS using a stage micrometer. With the x 16 objective, the scale factor was 0.7461 pmlpixel. The diameter of Coulter Counter calibration beads was measured to check this calibration.
The specimen was illuminated with transmitted monochromatic light to enhance contrast between the stained and unstained portions. The absorption peak of the diaminobcnzidine reaction was found to be between 440-480 nm with a Beckman 25 spectrophotometer (1). The pink-red azo dye formed in the biochemical assay of GGT, as described by Naftdn et al. (14) . has a maximum absorption at 547 nm. Contrast between stained and unstained portions of specimens was systematically scanned between wavelengths of 700-400 nm. At wavelengths of light corresponding to the color ofthe stain, the histochemical stain became invisible, whereas at the wavelength corresponding to the peak absorbance the histochemical stain appeared ncvly black. Therefore, GGT histochemical activity was measured at 547 nm and tissues stained by the immunoperoxidase procedure with diaminobenzidine as the chromogen were measured at 460 nm. Previously, a 486-nm fiter (with a 20-nm bandwidth) was used to enhance detection of the diaminobenzidine/immunoperoxidase reaction (1).
A video image with islands of positively stained cells was segmented to identify gray levels corresponding to the s u i n in each slide. These threshold settings were usually gray levels of 0 (i.e.. bla&)-l20, but depending on section thickness and staining intensity, could be upper thresholds as low as 90 or as high as 145. Starting at this field, 50 approximately adjacent fields per slide were examined microscopically and measured by the IBAS program string. This program inserted the scale factor, labeled the specimen, captured the video image, segmented the image into a binary image according to the threshold settings, identified the parameters to be measured, recorded the number of pixels associated with these parameters, and accumulated these data for 50 consecutive fields before printing hard copy and storing the accumulated data on a floppy disk. Data were collected for three parameters: field area stained; reference area size; and area percent stained (i.e., field area/rcference area x 100%). These data were highly reproducible. When one field was measured 10 times the coefficient of variation was 1.67% (1). Under these conditions, the reference area was 0.145926 mm2 and the total area cvaluated was 7.2963 mm2. Since the video camera was run in the manual mode, data from fields without stained areas (i.e., having no pixels Corresponding to gray levels of 0-120) could be averaged with data from fields having a large number of pixels with gray levels Corresponding to staining.
Stereology
The Principle of Delessc (AA = Vv) was used on specimens stained for markers of prc-neoplastic and early neoplastic changes to determine the volume percentage of tissue undergoing pre-neoplastic or neoplastic changes by image analysis, as described above. Since liver might is an independent measurement of total liver volume (assuming a density of 1 g/ml for liver), the grams of liver expressing the marker for pre-neoplastic or neoplastic transformation can be calculated by multiplying the volume percentage of tissue expressing the marker by the liver weight (15).
Statistics
For image cytometry data, mean, standard deviation, and standard error were determined for the 50 fields measured in each slide using the IBAS statistical analysis softwarr. To compare &rences between groups ofanimals for any experimental variable (liver weight or marker expression) analysis of variance (F statistic) was used to determine the level of significance of the difference in the means of specimens from different treatment groups. The two-tailed Student's t-test for matched pairs was used to analyze the significance of the difference between the means of repeated assays. mined by the two-tailed Student's t-test. when slides of liver tissue from six animals were read double-blind 3 weeks after the first reading (subject error), when slides were prepared from a second block of liver from the same animals (sampling error), or when serial sections of the second block were stained at a second run of the staining procedure (procedural error). Figures 1A and 1B illustrate that G G T AF were clustered near circulatory vessels and not randomly scattered throughout the parenchyma. Transections of the G G T AF were not round profiles but were irregular in shape ( Figures 1A-ID) . either method. In contrast to DEHP, the straight chain phthalate DOP (1%) was as effective as PB in inducing enhanced expression of GGT, as detected by either IHC or HC. In five of the 10 treatment groups, however, there were significantly more immunologically detected areas of GGT expression than areas of histochemically active expression. Those groups included animals receiving DENA alone, the two groups receiving the highest level of DEHP (2%), and the two groups receiving DOP (Figure 2) . The area percent of tissue expressing immunologically detectable GGT was 7.6-and 2.5-fold greater than that expressing HC activity in animals receiving 0.5 % and 1% DOP, respectively. The data from IHC detection of GGT demonstrate that DOP induces GGT protein in more hepatocytes than the tumor promoter PB.
Results
Quant$cation of GGT and GST-P Staining
DEHP enhanced enlargement of the livers of animals receiving this PE in addition to DENA + PB (Figure 3) . However, the total grams of liver expressing GGT, as detected by IHC, were reduced significantly (p40.05) by exposure to DEHP at the 0.1% and 0.5 % levels (1.67 i 0.30 g and 1.66 i 0.48 g vs 3.49 i 0.48 g in DENA + PB-treated) (Figure 4) .
Quantitation of IHC staining demonstrated a statistically significant inhibition of GST-P expression by DEHP in the livers of DENA + PB-treated rats ( Figure 4B ). DEHP did not significantly reduce the grams of liver expressing GST-P or GGT in rats receiving DENA without PB promotion. However, the volume percent of liver expressing GGT by HC or IHC was significantly reduced by 0.1% or 0.5 % DEHP (Figure 2 ). PB and DOP (1%) after DENA initiation resulted in a two-and eightfold increase, respectively, in the grams of tissue expressing GST-P compared with DENA alone (Figure 4) . The (Figure 3) . In animals receiving DEHP, livers were discolored and nearly black at higher doses. Livers in animals receiving DEHP at the 0.5% and 2% level were significantly enlarged (17.42 0.52 g and 20.59 k 0.65 g, respectively). PB and DEHP effects on liver weight were additive, so that livers in animals receiving 0.5% and 2% DEHP as well as PB were significantly larger than those of animals receiving PB alone ( Figure 3 ). Loss in body weight combined with liver enlargement resulted in liver weight representing 8.3% of the body weight of animals receiving DENA + PB + 2% DEHP (in animals receiving DENA + PB, liver weight was 4.8% of body weight). DOP did not significantly affect liver weight (Figure 3 ), but because of loss of body weight the relative liver weight was increased 5-16% in these animals.
Qualitative Evahation of GGT and GST-P as
Marhers for AF and N Figure 5 illustrates staining in three serial sections and one frozen section of a liver from a single rat treated with PB and DENA. The cenuilobular portion of liver was stained with hemotoxylin and eosin ( Figure SA) , histochemically for GGT ( Figure 5B ), immunohistochemically for GGT ( Figure 5C ), and immunohistochemically for GST-P ( Figure 5D ). GGT staining was extensive over the entire liver section when detected by either an HC or IHC method ( Figures  5B and 5C ). This rendered detection of individual AF or N very difficult, as a large percentage of apparently normal hepatocytes and bile ducts were extensively stained (compare Figure 5A , H&E-stained section with Figures 5B and 5C , sections stained for GGT by HC and IHC). Because of this extensive staining of normal he- patocytes by either HC or IHC detection methods, G G T AF were not clearly identified as discrete entities in any of the treatment groups (although they may very well have been there). On the other hand, the N were large and could be detected distinctly with the GGT marker, even though apparently normal hepatocyte staining was not significantly different. The N were detected only in rats that received 1% DOP in addition to DENA. In this group, four GGT-positive N were detected in the six animal livers examined. The qualitative expression of GGT after 26 weeks of treatment followed a pattern that could be predicted from observations made after 10 weeks (5,6) and which could be quantified by image analysis ( Figures 2 and 4) , in that expression was reduced in animals receiving DEHP along with DENA. We extended the earlier studies to include the effects of DEHP on promotion by the hepatic promoter PB. Promotion of G G T hepatocytes by PB was reversed by the simultaneous addition of DEHP to the diet. The IHC staining patterns with GST-P are shown in photomicrographs ( Figures 5 and 6 ) and in normalized counts of AF and N (Figure 7) . At 26 weeks, large numbers of GST-P+ AF were detected in DENA-treated rat liver (see Figures 6A and 7) . PB promotion nearly doubled the number of GST-P' AF detected, without an increase in background staining of normal hepatocytes [43.56 * 4.68 AF/cm2 vs 22.19 2 1.68 AF/cm2 (p=0.004)] (DENA + PB vs DENA in Figure 7 , and illustrated in Figures 5D vs 6A) . DEHP in any of the three doses used (2%, O S % , or 0.1%) inhibited the number of GST-P+ AF compared with rats treated with DENA + Discussion PB alone (Figure 7) . Two percent or 0.5% DEHP (Groups 2c and 2b) inhibited in a dose-dependent manner the number of GST-P+ AF in rats compared to rats treated with DENA alone (3.90 * 1.57 AF/cm*, 2% DEHP; 6.10 2 0.89 AFkm2, 0.5% DEHP). This inhibition was not seen in rats treated with 0.1% DEHP. The effect of DOP on DENA-initiated rat liver was interesting in that the number of GST-P' AF was not significantly different in DOP-treated animals compared with those receiving DENA alone. However, GST-P+ N were found in animals receiving 1% DOP (Figures 6B  and 7) . These lesions were not observed in any other treatment group.
GRAMS OF LIVER EXPRESSING GGT AND GST-P
Various quantitative microscopic methods have been employed to express the relationship between carcinogen treatment, with or without xenobiotic agents such as PES, and the incidence and number of AF and N (16) (17) (18) (19) . These methods have quantified mean number and size of foci by counting and tracing either projected images or photomicrographs of foci in tissue sections with a digitizing tablet. The assumptions are made that: (a) the foci are spherical and therefore the transections of the foci will appear circular in tissue sections; (b) focus centers are randomly located; and (c) the size of foci is independent of location and of other foci (20) . Be- cause large foci have a greater probability than small foci of being transected in tissue sections, the number of small foci may be underestimated. Recently, three-dimensional reconstruction of foci has shown them to be highly branched (21, 22) . Previous estimations of number and size of foci from circular profiles in histological sections may be subject to error due to branching. Stereology is the body of mathematical methods that allows relating three-dimensional parameters defining a structure to twodimensional measurements obtainable from sections of the structure (23.24) . In studying 4-6-pm tissue sections, the thickness of the tissue section is very small compared to the length and width of the tissue itself and so can be considered two-dimensional (25) .
GST-P POSITIVE FOCI/ SQ. CM.
A. INITIATED + PHTHALATE ESTERS
Mathematical equations to extrapolate the area of islands of cells that approximate a circular profile in tissue sections to focal volume can introduce large errors (21, 22) . As shown here, the central assumption that AF are uniform spheres does not apply to many foci. Second, these calculations assume that the foci are randomly located, when in fact we have shown here that foci are often clustered preferentially around and extending from central veins. Threedimensional reconstruction of AF shows them to be highly branched, which leads to inaccuracies in estimation of both lesion number and size from counts and areas of circular profiles in transections (21.22) . Finally, this type of analysis defies quantitation of the mass of phenotypically altered hepatocytes spread in non-geometric, random patterns throughout the liver parenchyma.
An objective of these studies was to validate the procedure for quantitation of marker expression by image cytometry. The number of AF and N can be counted in tissue sections and often gives useful information regarding promotion or inhibition of carcinogenesis. However, as shown here, this form of analysis is inadequate for evaluation of marker expression when rapidly growing AF or N become large and coalesce, as in the case of treatment with DOP.
Image cytometry can overcome these problems by measuring mass or volume of hepatocytes that are phenotypically altered.
Image cytometry of the type reported here assigns a gray level to each x-y coordinate in a video image (262,144 pixels per image), thus permitting a more accurate estimation of area than can be achieved by a mathematical equation (7). Moreover, quantitation of the mass of randomly oriented hepatocytes with a gray level corresponding to positive staining can be accomplished by comparing the ratio of pixels with low gray levels to the total number of pixels in the video image.
By the stereological Principle of Delesse, there is an equivalency between the area percent (AA) of the histological section staining for a marker and the volume percent (Vv) of liver tissue with marker activity (AA = Vv). Volume percent is not affected by swelling occurring during tissue fixation, compression occurring during tissue sectioning, or magnification. However, a change in Vv can result either from a change in the total volume of cells expressing the marker or from a change in the reference volume, the liver. Because livers of animals receiving either DEHP or DEHP + PB were enlarged relative to other treatment groups, volume percent of liver expressing a marker was converted to grams of liver expressing a marker by multiplying Vv by the independent measurement of liver volume, liver weight (15) . This computation assumes that the density of liver is equal to 1 glml.
Contrast between stained and unstained areas was enhanced in these specimens by using transmitted monochromatic light at a wavelength maximally absorbed by the stain. With the IBAS system, area percent of tissue staining for the marker was determined by the ratio of pixels in the digitized video image of the microscopic field with low gray levels, usually 120 or less (approaching black), to the total number of pixels in the video image. The reproducibility of results using a method based on gray level discrimination rests on the ability to precisely detect gray levels associated with positive staining relative to unstained tissue.
Significant differences in results were not obtained when tissues from six animals were re-read (subject error), when sections were prepared from a second block of tissue (sampling error), or when an adjacent section was stained at a second run of the staining procedure (procedural error).
As discussed by Pitot et al. (€9, quantification of AF by the Principle of Delesse in two-dimensional tissue sections does not depend on the size or shape of the uansections of AF. Rather, alterations in volume percent reflect alterations in the total cell population of all AF in the liver. Quantitation of the expansion of the initiated hepatocyte population by promoters such as PB and DOP was a goal in this experiment. The results indicate that the Principle of Delesse can be successfully applied to quantitate this treatment effect. Dose effects could be detected with these methods. Image analysis of digitized microscopic images of random liver sections revealed up to 44-fold differences in expression of markers associated with neoplasia in animals treated with several concentrations of PES after DENA initiation or treatment with DENA and PES 2 PB.
The expression of GGT and GST-P is used to detect AF and N. A number of reliable biochemical alterations (compared with normal hepatocytes) have been described in AF and N, and various HC and/or IHC methods have been developed to visualize these lesions microscopically (26, 27) . In rat liver, GGT has frequently been used as a marker of biochemical alteration in AF and N. This membrane-bound enzyme is found at higher levels in fetal and neonatal liver than in normal adult rat liver and appears in biochemically altered hepatocytes soon after initiation with chemical carcinogens (28) (29) (30) . GGT catalyzes the transfer of the gammaglutamyl moiety of glutathione to an amino acid acceptor (30, 31) . It is a Phase 11 drug-metabolizing enzyme which may be induced by drugs, such as phenobarbital, that modify the carcinogenic process. However, it can also be influenced in normal liver by other factors such as diet, strain, age, and sex of the animal (32, 33) . Therefore, it has been suggested that the placental isozyme of GST-P may be a superior marker for biochemically altered hepatocytes. GST-P expression appears to be limited to AF and N, with very little expression occurring in normal liver parenchyma (32) (33) (34) .
These studies examined the effects, after 26 weeks of exposure, of the non-genotoxic plasticizers DEHP and DOP on the development of AF and N in rats previously initiated by the genotoxic hepatocarcinogen DENA and promoted by PB. DEHP, which induces formation of peroxisomes, has been shown to be a hepatocarcinogen per se in rats when given in the diet at 0.6% or 1.2% (35) . Earlier we had reported on the interaction of DEHP with DENAinitiated hepatocarcinogenic markers evaluated after only 10 weeks of exposure (5, 6) . In the present studies, expression of two putative markers of neoplasia in rat liver, GGT and GST-P, was used as probes to detect AT; and N. AF staining for GGT and GST-P is not found in livers of rats exposed to some peroxisome proliferators such as Wy-14,643, Br-91, and cibrofibrate (36, 37) . Wy-14,643, when given after DENA and partial hepatectomy, promotes appearance of adenosine triphosphatase-and glucose-6-phosphate-deficient AF but not to AF staining for GGT (38) .
The interaction of DEHP, also a peroxisome proliferator, with development of AF and N after initiation with DENA or in the two-stage initiation/promotion model has not been previously studied. Here, inhibition of expression of G G T and GST-P' hepatocytes by DEHP was observed in DENA-initiated rats. In addition, DEHP suppressed, in a dose-dependent manner, the appearance of enzyme-altered hepatocytes promoted by PB in initiated rats. At the highest level of DEHP treatment (2% of diet), the body weight loss was significant, suggesting possible toxic and/or systemic effects of the compound. Deleterious effects of DEHP at the 1.2% dietary level on several endocrine organs have been reported (35) . Therefore, results at the 2% level are difficult to interpret.
A third finding in this study was the promotional action of DOP, a stereoisomer of DEHP which is devoid of peroxisome proliferative activity. DOP was more effective than PB in promoting biochemical alteration of hepatocytes following daily treatment after an initiating dose of DENA.
The volume percent of biochemically altered hepatocytes found after 26 weeks of treatment with PES is closely correlated with the carcinogenic response found after 60 weeks of treatment (39, 40) .
Another objective in these studies was to evaluate the use of GST-P and GGT as probes for AF and N. Beer and Pitot (26) have proposed that in rodent liver (a) the pre-neoplastic or neoplastic phenotype does not have a single characteristic biological marker or set of markers, and (b) marker (phenotypic) heterogeneity is the rule in hepatocarcinogenesis. As shown in this study, GST-P identifies islands of phenotypically altered hepatocytes and hyperplas-tic nodules that are distinct from the liver parenchyma. GGT, in contrast, is expressed not only by the GST-P+ staining hepatocytes but also by many other hepatocytes diffusely throughout the livers of carcinogen-and promoter-treated animals. This suggests that the discrete GST-P' AF represent a second phenotypic alteration and may signal a later stage in the progression of the biochemical lesions leading to neoplasia. The observation that expression of both GST-P and GGT is greatest in the only group of animals in which N are found, i.e., those animals receiving 1% DOP, supports this hypothesis. If these postulates are true, then GST-P expression in discrete AF and N may be a superior marker to monitor the carcinogenic process. Although both GGT and GST-P are Phase 11 (drug-detoxdying) enzymes, the GS?S are frequently associated with drug-resistant phenotypes (41). Since pre-neoplastic liver cells are characteristically drug resistant (3), the superiority of GST-P as a marker for AF and N in initiated rat liver could be predicted (32) .
Second, although we have shown that DEHP inhibits appearance of both GGT enzyme activity and hepatocyte expression of the GGT protein, HC and IHC methods for detection of GGT did not give equivalent results. More hepatocytes expressed GGT protein than expressed enzymatic activity. The ratio of IHC to HC results was increased in groups having increased GST-P expression, suggesting that the lack of HC GGT activity was biological rather than procedural.
We have found close similarities between the qualitative microscopic observations of marker expression and the quantitative data obtained from image cytometry. In addition, we found the GST-P marker to be superior to GGT, whether detected by IHC or HC methods. Although quantitative analysis indicated a decreased expression of GGT in DEHF and increased expression in DOP-treated rats, respectively, the results could not be directly correlated to the number of AF or N, as observed by unaided microscopic examination of the slides, because of the diffuse staining pattern of this marker. The combination of qualitative microscopic evaluation and quantitative results using computer-enhanced image analysis of the GST-P marker again indicated the parallels between the observation methods. However, with GST-P the quantitative results were based on actual AF and N rather than on the diffuse staining observed with GGT.
The present study validates the combination of image cytometry and both IHC and HC detection of GGT and GST-P to examine the effect of carcinogen and carcinogen/promoter treatments on hepatocyte biochemistry. This approach was used to document (a) a statistically significant inhibition of hepatocarcinogenesis by DEHP in DENA-initiated rat liver, with or without PB promotion, and (b) a statistically significant promotion of hepatocarcinogenesis in DENA-initated rat liver by subsequent treatment with DOP. We conclude that image cytometry, coupled with IHC and HC detection protocols, permits accurate bioassays of alterations in hepatocyte biochemistry and carcinogenicity in response to genotoxic and non-genotoxic chemicals such as DENA and the PES.
Literature Cited
